Abstract For swimming pools, it is generally agreed that free chlorine levels have to be maintained to guarantee adequate disinfection. Recommended free chlorine levels can vary between 0.3 and 0.6 mg/L in Germany and up to 3 mg/L in other countries. Bathers introduce considerable amounts of organic matter, mainly in the form of such as urine and sweat, into the pool water. As a consequence, disinfection byproducts (DBPs) are formed. Regulations in Germany recommend levels of combined chlorine of less than 0.2 mg/L and levels of trihalomethanes (THMs) of less than 20 mg/L. Haloacetic acids (HAAs), haloacetonitriles (HANs), chloropicrin and chloral hydrate are also detected in considerable amounts. However, these compounds are not regulated yet. Swimming pool staff and swimmers, especially athletes, are primarily exposed to these byproducts by inhalation and/or dermal uptake. In Germany, new regulations for swimming pool water treatment generally require the use of activated carbon. In this project, three different types of granular activated carbon (GAC) (one standard GAC, two catalytic GACs) are compared for their long time behaviour in pool water treatment. In a pilot plant operated with real swimming pool water, production and removal of disinfection byproducts (THMs, HAAs, AOXs), of biodegradable substances (AOC), of bacteria (Pseudomonas aeruginosa, Legionella, coliforms, HPC) as well as the removal of chlorine and chloramines are monitored as function of GAC bed depth. Combined chlorine penetrates deeper in the filter bed than free chlorine does. However, both, free and combined chlorine removal efficiencies decrease over the time of filter operation. The decreases of removal efficiencies are also observed for parameters such as dissolved organic carbon, spectral absorption coefficient, adsorbable organic carbon and most of the disinfection byproducts. However, THMs, especially chloroform are produced in the filter bed. The GAC beds were contaminated microbially, especially with P. aeruginosa. The contamination was not removable by backwashing with chlorine concentrations up to 2 mg/l free chlorine.
Introduction and objectives
In Germany, new regulations for swimming pool water treatment were introduced between 1997 and 2000 (Gansloser et al., 1999; Anonymous, 1999) to guarantee the health of staff and swimmers. Four treatment combinations are permitted. All of them include either powdered activated carbon (PAC) or granular activated carbon (GAC). Activated carbons with enhanced catalytic activity are of special interest, because manufacturers promise a better performance in pool water treatment concerning the removal of combined chlorine and disinfection by-products.
In the GAC bed organic and inorganic substances such as free chlorine (Snoeyink et al., 1981) , combined chlorine (Becker et al., 1990) , assimilable organic carbon (AOC) and trihalomethanes (THMs) and haloacetic acids (HAA) are usually removed. The removal capacity of activated carbon decreases with time (Huang and Yeh, 1999; Becker et al., 1990) . For pool water treatment it is not known so far when adsorption capacity and catalytic activity are exploited and the GAC needs to be replaced or regenerated. Generally, carbon surfaces are a good environment for microbial growth (Uhl, 2000a, b) . Since chlorine is reduced at the carbon's surface, it is not known to what extent microorganisms proliferating in the filters can be removed by backwashing with chlorinated water, as they are hardly removable by backwashing without chlorine (Ahmad et al., 1994) .
The main objectives of this research project are the description of the chemical and microbiological processes in the filter bed. The catalytic transformations are of special interest in this context. Knowing the extent of adsorption, catalytic conversion, microbial growth, the head loss development and the filter operation time, the economic feasibility of each type of GAC will be estimated. Recommendations for operators in the swimming pool treatment business will be postulated. A further future objective of the project is to develop a practical strategy for filter backwashing with chlorinated water by which growth of potential pathogens in the filters can be avoided.
Pilot plant
A pilot plant with three filters (20 cm in diameter, 90-100 cm bed depth) is operated. The filters are located directly at a treatment plant of a public swimming pool. They are placed in parallel to full-scale filters and are continuously operated ( Figure 1 ). Therefore the influent water to the pilot plant is a mixture of pool surface water drainage and circulating water from the pool itself. Before reaching the filters, flocculation reagent is added. The pilot plant's effluent is, after additional chlorination, fed back into the drainage basin.
Three types of activated carbon are compared in this project: a low-activated carbon (type A) and two catalytically enhanced types of activated carbon (type B, type C). The experiments are performed in three pilot plant scale filters (20 cm inner diameter, 90 -100 cm bed depth).
Each filter has eight sampling ports distributed equally over the filter bed and two sampling ports above the filter bed. One of the ports above the bed and four ports distributed over the filter bed are equipped with automatic valves for online analysis (Figure 2 ). The other sampling ports can be used for offline sampling. The filters are backwashed weekly according to a standard procedure. The following parameters are determined with online analyzers at different bed depths: temperature, pH, redox potential, free and combined chlorine, turbidity and UV absorption. In addition, head loss, disinfection by-products, DOC, UV absorption, and the concentrations of Pseudomonas aeruginosa, E. coli, Legionella pneumophila and HPC are analyzed off-line.
The influent water quality was subject to considerable variations, due to problems with the chlorine dosage in the full scale plant. However, means, minimum and maximum values of the online analyzed parameters are shown in Table 1 .
Results and discussion

Free and combined chlorine
Free chlorine is removed in all three filters relatively fast. The removal is faster in type C carbon than in the other two carbons (Figure 3) .
The filter performance declined in the beginning during the 4th month of filter operation and was clearly recognizable in the 5th month of filter operation (not shown). Combined chlorine is removed slower than free chlorine (Figure 3) . Again, type C carbon Figure 2 Schematic view of the pilot plant, its online analysis and its data acquisition shows the best performance compared to the other carbons. Also for combined chlorine the performance decreases with operation time as well.
Disinfection by-products and adsorbable organic halides Interestingly, trihalomethanes are produced over the filter bed, especially in catalytically enhanced filter materials (type B and C carbons) (Figure 4, upper) . Chloroform is the most important component contributing to this effect. Haloacetic acids are removed by all the three filters (not shown). The removal is less efficient in the filter bed with GAC type A. The removal performance decreases with time in all filters. The adsorbable organic carbon is also removed by all filters (Figure 4 , lower) and the removal efficiency decreases with operation time.
Assimilable organic carbon and microbiological parameters
AOC is a measure of the DOC concentration which is convertible into biomass. Figure 5 shows that the mean AOC values are reduced to about the same value in all three filters. The HPC concentrations, on the other hand, were increased, as expected, by a factor of 50. Legionellae were never detected in the influent, so far. This was the same for the effluents of catalytic GACs type B and C during the first three months of operation. Afterwards the effluent concentrations were very high: mostly higher than 200 cfu/ml. In the type A carbon effluent, Legionellae were found only twice. Both times the concentrations were higher than 1000 cfu/ml. P. aeruginosa was detected within 16 sampling events twice in the influent: 11 and 24 cfu/ml were found. P. aeruginosa was found in the effluents of catalytic type B and C carbons until 8 weeks after the project's start. Sometimes the concentrations were as high as 200 cfu/ml. The decrease of the concentration of P. aeruginosa took much longer in type A carbon: after 6 months, the concentration got down to less than 10 cfu/ml. It was tried to remove microbial GAC-contamination with P. aeruginosa by backwashing the filters with chlorinated water at chlorine-concentrations of 1.0 and 2.0 mg/l. When the filters were backwashed with 2 mg/l, chlorine penetrated approximately two thirds of Figure 4 Relative concentrations of THMs (above) and AOX (below) over the filter operation time Figure 5 AOC (above) and HPC concentrations (below) in the influent and in the three filters' effluents (mean values and 67% confidence intervals; five sampling events) the fluidized bed. However, the results showed that chlorine backwashing at these concentrations was not sufficient to remove the microbial contamination.
